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Abstract  Various  nutritional  supplements  (herbs,  vitamins,  and  micronutrients)  improve
responses and  adaptations  to  resistance  exercise.  ANP  is  a  heart  hormone  that  contributes
to ﬂuid,  electrolyte  and  blood  pressure  homeostasis  through  its  natriuretic  and  vasodilative
actions. In  the  present  study,  the  adaptation  of  ANP  in  response  to  resistance  exercise  was
investigated  in  rats  supplemented  with  glutamine  for  ﬁve  weeks.  The  results  showed  that
supplementation  with  glutamine  did  not  inﬂuence  the  number  of  ANP  granules  per  atrial  cardio-
cyte in  sedentary  animals.  In  exercised-trained  rats,  the  number  and  diameter  of  the  granules
was signiﬁcantly  higher  in  comparison  with  the  control  group  and  in  exercised  animals  sup-
plemented  with  glutamine  there  was  signiﬁcant  increase  in  the  number  and  diameter  of  ANP
granules compared  with  controls.  Altogether,  these  data  indicated  that  in  resistance  exercise
rats, glutamine  signiﬁcantly  enhances  cardiac  ANP  thus  implicating  the  beneﬁcial  effects  of
glutamine  supplementation  to  the  ANP  system.
© 2015  Colégio  Brasileiro  de  Ciências  do  Esporte.  Published  by  Elsevier  Editora  Ltda.  All  rights
reserved.
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respostas e  adaptac¸ões  ao  exercício  resistido.  O  ANP  é  um  hormônio  cardíaco  que  contribui
para a  homeostase  de  líquidos,  eletrólitos  e  controle  da  pressão  arterial  através  de  suas  ac¸ões
natriurética  e  vasodilatadora.  No  presente  estudo,  a  adaptac¸ão  do  ANP  em  resposta  ao  treina-
mento resistido  foi  investigada  em  ratos  suplementados  com  glutamina  durante  cinco  semanas.
∗ Corresponding author.
E-mail: souzarrd@uol.com.br (R.R. de Souza).
ttp://dx.doi.org/10.1016/j.rbce.2013.03.001
101-3289/© 2015 Colégio Brasileiro de Ciências do Esporte. Published by Elsevier Editora Ltda. All rights reserved.
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Os  resultados  mostraram  que  a  suplementac¸ão  com  glutamina  não  inﬂuenciou  o  número  de
grânulos de  ANP  por  cardiomiócito  em  animais  sedentários.  Em  ratos  treinados,  o  número  e  o
diâmetro dos  grânulos  foi  signiﬁcativamente  maior  em  comparac¸ão  com  o  grupo  controle  e  nos
animais treinados  e  suplementados  com  glutamina  houve  um  aumento  signiﬁcativo  no  número
e diâmetro  dos  grânulos  de  ANP  comparativamente  com  os  controles.  Em  conjunto,  estes  dados
indicam que,  nos  ratos  submetidos  ao  treinamento  resistido,  a  glutamina  aumentou  signiﬁca-
tivamente  os  níveis  de  ANP  cardíaco,  mostrando  assim,  os  efeitos  benéﬁcos  da  suplementac¸ão
com glutamina  para  o  sistema  de  ANP.
© 2015  Colégio  Brasileiro  de  Ciências  do  Esporte.  Publicado  por  Elsevier  Editora  Ltda.  Todos  os
direitos reservados.
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Inﬂuencia  de  la  glutamina  sobre  los  efectos  del  entrenamiento  de  resistencia  sobre  la
ANP  cardíaca  en  ratas
Resumen  Varios  suplementos  nutricionales  (hierbas,  vitaminas  y  micronutrientes)  mejoran
las respuestas  y  adaptaciones  al  ejercicio  de  resistencia.  El  ANP  es  una  hormona  cardíaca  que
contribuye a  la  homeostasis  de  ﬂuidos,  electrolitos  y  de  control  de  la  presión  arterial  a  través
de sus  acciones  vasodilatadora  y  natriurética.  En  el  presente  estudio,  se  investigó  la  adaptación
de la  ANP  en  respuesta  al  entrenamiento  de  resistencia  en  ratones  suplementados  con  glutam-
ina durante  cinco  semanas.  Los  resultados  mostraron  que  la  suplementación  de  glutamina  no
inﬂuyó en  el  número  de  gránulos  de  ANP  por  cardiomiocito  en  animales  sedentarios.  En  ratas
entrenadas,  el  número  y  el  diámetro  de  los  gránulos  fue  signiﬁcativamente  mayor  en  compara-
ción con  el  grupo  control  y  en  los  animales  entrenados  y  suplementados  con  glutamina  hubo
un aumento  signiﬁcativo  en  el  número  y  diámetro  de  los  gránulos  de  ANP  en  comparación  con
los controles.  En  conjunto,  estos  datos  indican  que  en  ratones  sometidos  a  entrenamiento  de
resistencia,  la  glutamina  aumentó  signiﬁcativamente  el  nivel  de  ANP  cardiaco  mostrando  de
esta manera  los  efectos  beneﬁciosos  de  la  administración  de  glutamina  para  el  sistema  de  ANP.
© 2015  Colégio  Brasileiro  de  Ciências  do  Esporte.  Publicado  por  Elsevier  Editora  Ltda.  Todos  los
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Introduction
Several  factors  contribute  to  the  beneﬁcial  effects  of  exer-
cise  in  maintaining  cardiovascular  homeostasis  (Gutkowska
et  al.,  2007;  Agarwal,  2012;  Rowland  and  Unnithan,  2013).
ANP  is  a  heart  hormone  that  contributes  to  ﬂuid,  electrolyte,
and  blood  pressure  homeostasis  through  its  natriuretic  and
vasodilative  actions.  It  was  shown  in  humans  and  animals
that  exercise  provokes  increased  synthesis  of  ANP  thus  main-
taining  adequate  levels  for  the  optimal  control  of  blood
pressure  (Tanaka  et  al.,  1986;  Guezennec  et  al.,  1989;
Barletta  et  al.,  1998;  Ohba  et  al.,  2001;  Edwards,  2012;
Gutkowska  et  al.,  2007;  Wiesner  et  al.,  2010;  Endlich  et  al.,
2011).
Because  of  the  critical  functions  of  hormones,
researchers  have  investigated  various  methods  to  enhance
the  exercise--endocrine  interaction.  For  instance,  feeding
subjects  before  and/or  immediately  after  resistance  exer-
cise  alters  hormone  response  (Kraemer  and  Volek,  1998;
Kraemer  et  al.,  2007;  Gulli  et  al.,  2012).  In  addition  to
feeding,  various  nutritional  supplements  (herbs,  vitamins,
and  micronutrients)  improve  responses  and  adaptations
to  resistance  exercise.  Nutritional  supplements  such  as
creatine,  l-carnitine  and  l-glutamine  positively  affect
strength  development  and  resistance  exercise  recovery
(Williams  et  al.,  2002;  Kraemer  and  Volek,  1998;  Kraemer
(
(
s
pt  al.,  2007;  Rawson  and  Volek,  2003;  Volek  and  Rawson,
002;  Cermak  et  al.,  2012;  Wax  et  al.,  2012).  One  of  these
utritional  supplements,  glutamine  have  been  widely  used
y  athletes  (Mero  et  al.,  2009).  However,  the  effects  of
his  supplement  in  ANP  levels  in  practitioners  of  resis-
ance  exercise  are  not  known.  Therefore,  utilizing  the
at  as  an  animal  model  the  following  study  was  under-
aken  to  test  the  hypothesis  that  glutamine  stimulates
he  cardiac  hormone  ANP  in  chronic  resistance  exercise
ractitioners.
aterials and methods
nimals
ale  Wistar  rats  weighing  290  ±  20  g  (3  months  old)  were
btained  from  the  Institute  of  Biomedical  Sciences,  Uni-
ersity  of  São  Paulo,  São  Paulo,  Brazil.  The  rats  were
aintained  at  23 ◦C  under  a  cycle  of  12  h  light/12  h  dark-
ess.  The  animals  fed  with  a  standard  diet  were  divided
nto  the  following  groups  of  ﬁve  animals  each:  sedentary
S),  exercised  (E),  sedentary  supplemented  with  glutamine
SG)  and  exercised  supplemented  with  glutamine  (EG).  Non-
upplemented  rats  received  3  ml  of  saline  (0.1  mol/l  citrate,
H  4.5)  as  placebo.
7 R.R.  de  Souza  et  al.
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ral  l-glutamine  supplementation
n  aqueous  solution  of  l-glutamine  was  given  to  rats  by
avage  (1  g  kg−1 body  weight  in  3  ml  saline)  1  h  before
he  exercise  session  according  to  Shewchuk  et  al.  (1997)
nd  Lagranha  et  al.  (2004).  Glutamine  solution  was
reshly  prepared  before  administration  to  avoid  glutamine
ydrolysis.
xercise  training
ats  in  the  E  and  EG  groups  were  trained  to  climb  a  1.1  m
ertical  (80◦ incline)  ladder  with  weights  tied  to  their  tail
Hornberger  and  Farrar,  2004),  ﬁve  days  per  week,  for
ve  weeks.  Each  training  session  consisted  of  six  climbs.
he  weight  carried  during  each  session  was  progressively
ncreased.  Over  the  course  of  ﬁve  weeks,  the  maximal
eight  carried  by  the  rats  was  50%  of  their  body  weight.  This
oad  was  maintained  throughout  the  rest  of  the  period  of
xperiment.  The  rats  in  the  S  and  SG  groups  were  placed  on
 stationary  treadmill  for  10  min  daily.  The  body  weight  (BW)
as  measured  at  the  beginning  and  at  the  end  of  the  exper-
ment.  Handling  of  animals  was  approved  by  the  University
thics  Committee,  in  accordance  with  the  International
uiding  Principles  for  Biomedical  Research  involving  Ani-
als.
reparation  for  electron  microscopy
t  the  end  of  the  experiment,  each  animal  was  anesthetized
ith  intraperitoneal  Pentobarbital  sodium  (3  mg/100  g  body
eight)  and  then  killed.  The  animals  were  heparinized  prior
o  ﬁxation  to  optimize  perfusion-ﬁxation.  The  atria  were
erfused  through  the  left  and  right  ventricles  at  a  cons-
ant  pressure  of  80  mmHg,  using  0.1  M  cacodylate  buffer
3  min)  followed  by  2.5%  glutaraldehyde  solution  diluted
n  cacodylate  buffer.  Next,  the  heart  was  isolated  and
eighed.  The  right  atrium  was  isolated  and  divided  into
lices  approximately  3  mm  wide  and  5  mm  long.  These  tis-
ue  slices  were  post-ﬁxed  in  osmium  tetroxide  in  sodium
acodylate  buffer  for  1  h.  The  tissue  was  dehydrated  in
raded  alcohols,  embedded  in  Epon  resin,  and  sectioned
o  that  the  cardiocytes  were  cut  in  longitudinal  section.
hin  sections  for  transmission  electron  microscopy  were
tained  with  uranyl  acetate,  and  lead  citrate  (Mifune  et  al.,
004).
ltrastructural  morphometry
wo  randomly  chosen  blocks  from  each  atrium,  in  which  the
ardiocytes  were  cut  in  longitudinal  section  were  used  for
uantitative  analysis.  The  ultra  thin  sections  were  placed
n  a  copper  grid  and  10  randomly  chosen  ﬁelds  per  block
ere  selected  for  micrographs  taken  with  a  Jeol  transmis-
ion  electron  microscope.  The  number  and  sizes  of  secretory
ranules  were  obtained  according  to  the  method  of  Cantin
t  al.  (1979).  Five  electron  micrographs  per  animal,  cho-
en  by  systematic  random  sampling  of  squares  were  taken
t  a  ﬁnal  magniﬁcation  of  7500× and  the  number  of  gran-
les/cardiocyte  was  determined.  Diameters  of  all  granules
(
r
u
rigure  1  Heart  weight  of  S,  SG,  E  and  EG  rats.  *Signiﬁcant  vs.
 and  SG.
resent  in  each  ﬁeld  were  determined  in  another  ﬁve  micro-
raphs  per  animal  at  a  ﬁnal  magniﬁcation  of  15,000×.  In
oth  cases,  a  computerized  program  (Axio  Vision,  Zeiss)  was
sed.
tatistical  analysis
ll  results  are  means  ±  SE.  Data  was  performed  using  one-
ay  analysis  of  variance  (ANOVA)  and  multiple  comparison
rocedure  was  performed  using  Tukey’s  test  with  p  <  0.05  as
he  level  of  signiﬁcance.
esults
eart  weight
s  shown  in  Fig.  1,  no  difference  in  heart  weight  was  seen
etween  the  groups  S  (1.1  ±  0.2  g)  and  SG  (1.1  ±  0.1  g)  and
etween  the  groups  E  (1.5  ±  0.2  g)  and  EG  (1.5  ±  0.1  g).  How-
ver,  in  E  and  EG  the  heart  showed  signiﬁcant  hypertrophy
ompared  to  S  (p  <  0.05).
ltrastructure
he  ANP  granules  were  mainly  located  in  the  perinuclear
egion  and  were  variable  in  number  (Fig.  1)  and  size  (Fig.  2).
he  number  of  granules  was  increased  in  E  and  EG  compared
ith  S  and  SG  rats  (Figs.  2  and  3).
ltrastructural  morphometry
he  number  of  granules/cardiocyte  is  shown  in  Fig.  4  and
he  diameter  of  the  granules  is  shown  in  Fig.  5. The  num-
er  of  granules/cardiocyte  was  signiﬁcantly  higher  in  E
62  ±  3)  and  in  EG  (72  ±  4)  compared  to  SG  (56  ±  4)  and  S
ats  (50  ±  3)  (in  all  cases,  p  <  0.05).  The  number  of  gran-
les/cardiocyte  was  signiﬁcantly  higher  in  EG  than  in  E
ats  (p  <  0.05).  No  signiﬁcant  difference  was  observed  in
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Figure  2  Electron  micrographs  of  the  right  atrial  cardiocytes  in  S  (a),  SG  (b),  E  (c)  and  EG  (d)  rats.  In  atrial  cardiocytes,  ANP-
granules (arrows)  are  variable  in  number  and  are  mainly  located  in  the  perinuclear  region.  The  number  of  granules  in  E  (c)  and  EG
s.
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F(d) rats  is  higher  than  in  S  (a)  and  SG  (b).  Bar:  2  m.  N  --  Nucleu
the  number  of  granules/cardiocyte  between  SG  and  S  rats
(p  >  0.05).  The  diameter  of  granules  was  signiﬁcantly  higher
in  EG  (320  ±  24  nm)  and  E  (260  ±  10  nm)  rats  compared  to  S
rats  (212  ±  12  nm)  and  SG  (218  ±  8  nm)  rats  (p  <  0.05).  The
diameter  of  granules  was  signiﬁcantly  higher  in  EG  than  in  E
rats  (p  <  0.05).
Discussion
There  are  three  major  ﬁndings  in  this  work.  First,  glutamine
supplementation  for  ﬁve  weeks  had  no  inﬂuence  on  the  lev-
els  of  ANP  in  atrial  cardiocytes.  Second,  chronic  resistance
exercise  increased  signiﬁcantly  the  levels  of  ANP  in  atrial
cardiocytes  and  third,  glutamine  enhances  the  effects  of
resistance  exercise  on  the  levels  of  ANP  in  atrial  cardio-
cytes.
Glutamine  is  an  important  energy  source  (nitrogen
and  carbon)  for  synthesis  of  other  molecules  such  as
nucleotides,  adenosine  triphosphate  (ATP)  and  other  amino
acids  (Fontana  et  al.,  2003).  Glutamine  is  also  necessary  for
the  absorption  of  ﬂuids  and  electrolytes  and  for  the  regula-
tion  of  nitrogen  balance  (Walsh  et  al.,  1998).  In  the  present
study,  animals  receiving  glutamine  did  not  exhibit  any  sig-
niﬁcant  enhancement  of  cardiac  ANP  levels  compared  with
sedentary  controls,  indicating  that  glutamine  had  no  effect
on  the  number  of  ANP  granules  by  cardiocytes.
The  present  study  demonstrated  a  signiﬁcant  increase  in
the  number  of  cardiac  ANP  granules  in  rats  with  exercise-
training  compared  to  the  S  group.  This  result  is  in  agreement
with  that  of  Gutkowska  et  al.  (2007)  in  showing  that  chronic
exercise  augmented  ANP  expression  in  the  right  atrium.  It
is  possible  that  resistance  exercise  promotes  an  increase
in  levels  of  ANP  in  cardiomyocytes  due  to  the  necessity
b
i
f
ef  greater  release  of  this  hormone  to  the  plasma  during
xercise.  According  to  Gutkowska  et  al.  (2007)  the  bene-
cial  effects  of  exercise  may  be  due,  at  least  in  part,  to
ctivation  of  cardiac  oxytocin  peptide  receptors  and  subse-
uent  enhancement  of  ANP  synthesis  and  release  although
 direct  effect  of  exercise  on  the  ANP  cannot  be  excluded.
his  conclusion  emerged  from  studies  showing  that  activa-
ion  of  cardiac  oxytocin  receptor  is  coupled  with  ANP  release
Gutkoswska  et  al.,  1997).  The  physiological  action  of  ANP
s  conveyed  by  binding  to  particulate  GC-coupled  cell  sur-
ace  functional  receptor  GC-A  which  activation  promotes
he  intracellular  generation  of  cGMP  (Potter  et  al.,  2006;
utkowska  et  al.,  2007).
Although  several  studies  have  been  conducted  showing
he  positive  effects  of  ingesting  supplements  on  resistance
xercise  (Kerksick  et  al.,  2006) we  did  not  ﬁnd  in  literature
tudies  showing  the  effects  of  glutamine  on  the  ANP  cardio-
ytes.  Glutamine  is  especially  abundant  in  skeletal  muscle
issue.  Following  intense  exercise,  intramuscular  glutamine
ecreases  and  there  is  an  increased  uptake  of  glutamine  in
he  liver,  kidney  and  intestine,  to  ensure  synthesis  of  glucose
nd  buffering  acidosis.  Thus,  the  plasma  glutamine  concen-
ration  decreased  signiﬁcantly,  causing  the  blood  amount
s  not  sufﬁcient  for  uptake  and  utilization  by  the  various
issues  that  depend  on  (Walsh  et  al.,  1998).  Glutamine
upplementation  promotes  the  maintenance  of  its  plasmatic
oncentration,  improve  the  hydration  of  skeletal  muscle  and
ontribute  as  a  substrate  for  gluconeogenesis  resulting  in
ncreased  muscle  cell  volume  (Antonio  and  Street,  2003;
ontana  et  al.,  2003;  Waddell  and  Fredricks,  2005).  Possi-
ly,  these  effects  also  occur  in  heart  muscle  which  may  have
nﬂuenced  the  increase  of  the  levels  of  ANP  in  cardiocytes
rom  rats  supplemented  with  glutamine  and  submitted  to
xercise.
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Figure  3  Electron  micrographs  of  the  right  atrial  cardiocytes  in  S  (a),  SG  (b),  E  (c)  and  EG  (d)  rats.  It  can  be  seen  that  in  all  groups
ANP-granules (arrows)  are  variable  in  size.  In  E  and  EG  rats,  the  sizes  of  the  granules  are  higher  than  in  S  and  SG.  Bar:  1  m.  N  --
Nucleus.
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Figure  4  Number  of  ANP-granules/cardiocyte  in  the  right
atria from  S,  SG,  E  and  EG  rats.  *Signiﬁcant  vs.  S,  SG  and  EG
groups (p  <  0.05).  **  Signiﬁcant  vs.  S  and  SG  groups  (p  <  0.05).
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Figure  5  Diameter  of  ANP-granules  (nm)  in  the  right  atrial
c
g
ardiocytes  in  S,  SG,  E  and  EG  rats.  *Signiﬁcant  vs.  S,  SG  and  EG
roups (p  <  0.05).  **  Signiﬁcant  vs.  S  and  SG  groups  (p  <  0.05).
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Conclusion
Glutamine  supplementation  did  not  improve  ANP  production
by  the  cardiocytes  but  when  associated  with  resistance-
training  it  potentiates  the  increased  cardiac  ANP  levels
promoted  by  exercise.
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